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Abstract
Binary systems anchor many of the fundamental relations relied upon in asteroseismology. Masses and radii are rarely con-
strained better than when measured via orbital dynamics and eclipse depths. Pulsating binaries have much to oer. They are
clocks, moving in space, that encode orbital motion in the Doppler-shifted pulsation frequencies. They oer twice the oppor-
tunity to obtain an asteroseismic age, which is then applicable to both stars. They enable comparative asteroseismology – the
study of two stars by their pulsation properties, whose only fundamental dierences are the mass and rotation rates with which
they were born. In eccentric binaries, oscillations can be excited tidally, informing our knowledge of tidal dissipation and res-
onant frequency locking. Eclipsing binaries oer benchmarks against which the asteroseismic scaling relations can be tested.
We review these themes in light of both observational and theoretical developments recently made possible by space-based
photometry.
1 Introduction
Pulsating stars can now be found over almost the entire
HR diagram (Aerts et al., 2010), with new classes still be-
ing discovered (Pietrukowicz et al., 2017). The eld of as-
teroseismology has bloomed with the delivery of continu-
ous and ultra-precise light curves from space telescopes such
as CoRoT (Baglin et al., 2006) and Kepler (Koch et al., 2010;
Borucki et al., 2010), and is set to continue with the Tran-
siting Exoplanet Survey Satellite (TESS; Ricker et al. 2015)
which has announced its rst exoplanet discovery (Huang
et al., 2018). Although designed to detect transiting exoplan-
ets, the photometry from these missions is ideal for astero-
seismology, which plays a critical reciprocal role in providing
stellar radii for better exoplanet characterisation.
Like planets and pulsators, binary stars are also ubiqui-
tous, with most stars being members of binary or multiple
systems (Duchêne & Kraus, 2013; Moe & Di Stefano, 2017;
Guszejnov et al., 2017). They can be found throughout the
HR diagram, with more massive stars having greater mul-
tiplicity. Double-lined spectroscopic binary systems (SB2s)
have been indispensable to astronomy as a means of mea-
suring dynamical masses of stars for over a hundred years
(Stebbins, 1911). The strong synergy between pulsating and
binary stars in providing stellar radii and masses suggests
that good astrophysical benchmarks exist at the interface.
Stellar spectra are not strictly necessary to measure the
orbits of pulsating binary stars. In recent years, precise or-
bital elements have been derived by pulsation timing (Telt-
ing et al., 2012; Shibahashi & Kurtz, 2012; Murphy et al., 2014,
2018), building upon the classical O-C (observed minus cal-
culated) methods that were employed on ground-based data
(Barnes & Moett, 1975; Sterken, 2005). The quantiable
orbital parameters mirror those of the radial velocity (RV)
method: these are the period, eccentricity, projected semi-
major axis (i.e. a sin i), longitude of periastron and the binary
mass function. In fact, radial velocity is the time-derivative
of the light arrival-time delay, τ
RV (t) = c
dτ
dt
, (1)
where c is the speed of light, so while the RV method has
a sensitivity that scales as P−1/3, pulsation timing goes as
P+2/3 (see footnote1). The methods are therefore highly
complementary, and data from each can be combined to de-
duce orbits to exquisite precision (Murphy et al., 2016c).
A great advantage of modelling stars in binaries is that
they can be assumed to share the same evolutionary history.
Comparing two similar but unrelated stars can be dicult
because of uncertainties in the relative age and metallicity of
the objects, but for binaries this is not the case. Their pul-
sation properties can then be compared primarily as a func-
tion of mass, subject to dierences in rotation rates. Any
dierences in chemical composition between main-sequence
stars in a binary can be understood as the result of mass- and
rotation-dependent mixing and diusive processes (Char-
bonneau & Michaud, 1991; Turcotte et al., 2000), unencum-
bered by the large star-to-star abundance variations that
are common among isolated intermediate-mass stars (Hill &
Landstreet, 1993).
Stellar inclinations are rarely determined better than for
binary or pulsating stars (e.g. Thompson et al. 2012). Un-
der the assumption of equipartition of energy, the inclina-
tion of a pulsating star can be judged from the amplitudes of
rotationally-split non-radial modes (Gizon & Solanki, 2003).
This typically only applies to stochastic oscillations, but
slowly-rotating gamma Doradus (γ Dor) stars also follow suit
(Kurtz et al., 2014; Saio et al., 2015). Although inclinations
can rarely be determined from delta Scuti (δ Sct) pulsations,
knowledge of the inclination by other means can aid mode
identication in these stars, as we shall see in Sect. 3. In
eclipsing binaries, the orbital inclinations can be determined
precisely, and even ellipsoidal variability or well-constrained
masses can oer some constraints. The extent to which bi-
naries may suer spin–orbit misalignment remains an active
area of research (Albrecht et al., 2014), which now extends to
the study of spin-orbit alignment of planetary systems (Hu-
ber et al., 2013; Addison et al., 2018).
There are many examples of binaries in which both stars
pulsate, which have become known as PB2s (double-pulsator
binaries) in direct analogy to the SB2s of spectroscopy. PB2s
can be found for many classes of pulsator, including solar-
1In an earlier version of this article, there was a minus sign in equation 1.
That mistake is rectied in this version, which now follows the convention
established in footnote 2 of Murphy & Shibahashi (2015).
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like oscillators on the main-sequence (Sect. 2), δ Sct stars
(Sect. 3), red giants (Sect. 4), and γ Dor stars (Sect. 5). Com-
pact pulsators including hot subdwarfs and white dwarfs are
yet to be found in PB2s, but we discuss their existence in bi-
nary systems in Sect. 6, including attempts to use pulsation
timing to derive their orbits. Not all types of pulsation are
suitable for the derivation of orbits by pulsation timing, since
the oscillation modes must be coherent on time-scales longer
than the orbital period. However, with the help of astero-
seismology, mass ratios can sometimes be inferred anyway,
as we will show in this review. Finally, we discuss tidally
excited oscillations (TEOs) seen in short-period eccentric bi-
naries (Sect. 7), and present a summary in Sect. 8.
2 Main-sequence solar-like oscillators in bi-
naries
Kepler had a short-cadence (SC) mode well-suited to
studying the high oscillation frequencies of main-sequence
sun-like stars (Gilliland et al., 2010a). While dozens of appar-
ently single pulsators were discovered (Chaplin et al., 2011b;
Lund et al., 2017), only a handful of binaries are known
in which solar-like oscillations have been observed in both
components. Most of these have been studied as individ-
ual stars: 16 Cyg A and B (KIC 12069424 and KIC 12069449;
Metcalfe et al. 2012, 2015; Davies et al. 2015), and HD 176071
(KIC 9139151 and KIC 9139163; Appourchaux et al. 2012) are
examples from Kepler, while the α Cen AB system has been
studied from the ground (e.g. Bouchy & Carrier 2002; Bed-
ding et al. 2004; Kjeldsen et al. 2005; Joyce & Chaboyer 2018).
Three binaries, however, were discovered from single light
curves containing two pulsation spectra. These genuine PB2s
are KIC 7510397 (Appourchaux et al., 2015), KIC 10124866
(White et al., 2017) and the subgiants in KIC 7107778 (Li et al.,
2018c).
Solar-like oscillations of main-sequence stars are not co-
herent enough to determine orbital elements from pulsation
timing, but the oscillations still contain a lot of informa-
tion. The asteroseismic scaling relations (Kjeldsen & Bed-
ding, 1995), which can be tested using pulsating stars in bi-
naries (see Sect. 4.2), can be used to estimate the mass ratio of
the stars based on their frequency of maximum power, νmax,
and their large frequency spacing, ∆ν.
The large spacing ∆ν scales as the square-root of the
mean density of the star,
√
ρ¯ (Ulrich, 1986; Kjeldsen & Bed-
ding, 1995). For a given age, higher-mass stars have lower
mean densities, so more massive (more evolved) stars have a
smaller ∆ν. This dierence is measurable for KIC 10124866
(Fig. 1) – the mode frequencies of the primary (red) are closer
together than those of the secondary (blue), such that the pri-
mary has one more radial order of pulsation between 2700
and 4000µHz. A further consequence of the mass dierence
is that νmax is 7% lower for the more massive component, and
its pulsation amplitude is higher. The latter observation has
two causes: (i) the mass-luminosity relation is steep, so the
2% dierence in mass leads to a ∼7% dierence in luminos-
ity, hence the oscillations of the less-massive star are more
diluted in the light curve; and (ii) more evolved stars have
higher pulsation amplitudes (Yu et al., 2018). Further details
on this binary can be found in White et al. (2017).
Li et al. (2018c) studied the pair of subgiants in
KIC 7107778. Their masses dier by only 1%, so the oscil-
lation spectra still overlap even in the subgiant phase. Bi-
naries like this are rare. The fraction of twins (mass ratio
q > 0.95) at the masses and orbital period of KIC 7107778
(1.4 M, 39 yr; Li et al. 2018c) is no more than 10% (Moe &
Di Stefano, 2017). Finding a pair of stars with a mass ratio so
close to unity, and in a rapid evolutionary phase, is fortunate
indeed.
Miglio et al. (2014) performed simulations on the Kepler
eld to determine how many solar-like oscillators in PB2s
should be evident in Kepler data. They further categorised
them according to the evolutionary stage of the primary and
secondary components (Fig. 2). The detectability of PB2s de-
pends on many factors, such as the population of Milky Way
stars probed by the Kepler eld, especially their masses and
ages (Girardi, 2016; Sharma et al., 2016, 2017); how binary
properties such as the mass ratio (and hence luminosity ra-
tio) vary according to the underlying population statistics
(Moe & Di Stefano, 2017, and references therein); and how
these properties evolve as the stars age. The detectability
of binaries also hinges on the detectability of the pulsations
in the Kepler data (Ballot et al., 2011; Chaplin et al., 2011a).
The lower amplitudes of main-sequence stars and dilution by
the luminosity ratio are additional variables. Only ∼40 de-
tectable main-sequence pairs are therefore expected in the
Kepler eld (Miglio et al., 2014), and this number is further
reduced because of the limited availability of Kepler SC slots
– only 512 targets could be observed in SC mode at any given
time (Gilliland et al., 2010b). Only 1 or 2 solar-like PB2s with
a subgiant component are expected in the Kepler eld; those
found by Li et al. (2018c) are probably the only ones. We
will return to look at the more common red giant binaries in
Sect. 4.
3 δ Sct stars
We pause our discussion of solar-like oscillators to appre-
ciate the power of pulsation timing in providing binary or-
bits. No class of pulsators has seen more successful applica-
tion of this method in Kepler data than δ Sct stars. The num-
ber of pulsation-timing binaries exceeds even the number of
eclipsing binaries in Kepler data of stars in and around the
δ Sct instability strip (Kirk et al., 2016; Murphy et al., 2018).
3.1 Orbits and pulsation timing
The pulsation modes of δ Sct stars are very stable in fre-
quency, with few exceptions. Bowman et al. (2016) found
no evidence in Kepler data for intrinsic phase modulation
(equivalent to frequency modulation) in 986 stars examined,
unless that phase modulation was accompanied by ampli-
tude modulation due to beating of pulsation modes. Ground-
based monitoring of 4 CVn concluded that mode frequencies
are stable on timescales of at least a few decades (Breger,
2000). Main-sequence evolution causes period increases of
only (1/P dP /dt =) 10−10 yr−1, hence the pulsation modes
are excellent stellar clocks.
With 4 yr of continuous data, the pulsation frequencies of
Kepler δ Sct stars can be measured very precisely, and their
phases can be monitored for periodic shifts due to binary mo-
tion. As a pulsating star moves in its orbit, the path length be-
tween the star and the telescope changes,2 which causes the
pulsation maxima and minima to arrive early or late. These
arrival-time delays (early arrival is simply a negative delay)
give the light travel time across the orbit (Murphy et al., 2014;
Murphy & Shibahashi, 2015), i.e. its physical size.
Over 90% of δ Sct binaries detected with this pulsation-
timing method are PB1s (single-pulsator binaries), where
no pulsation is evident from the companion (Murphy et al.,
2018). This is mainly because the mass-ratio distribution of
binaries with A-type primaries peaks at q ∼ 0.2 (Murphy
2The motion of the telescope around the solar system barycentre must
be corrected for as well (Shibahashi & Murphy 2018, these proceedings).
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Figure 1: The PB2 KIC 10124866, known colloquially as Luke & Leia, consists of two solar-like oscillators with a mass ratio of
q = m2/m1 = 0.98. The higher-mass, primary component, is shown in red. Figure modied from White et al. (2017).
The Astrophysical Journal Letters, 784:L3 (6pp), 2014 March 20 Miglio et al.
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Figure 2. Left-hand panel: Hertzsprung–Russell diagram of a synthetic population computed with TRILEGAL. Single stars with predicted detectable oscillations are
shown as open circles. Primary components of binaries in which oscillations can only be detected in one component are represented by stars. Couples of filled circles
and diamonds connected by solid lines indicate members of binary systems for which oscillations are expected to be detectable in both components, i.e., asteroseismic
binaries. Color illustrates the evolutionary state of each component. Right-hand panel: same as left-hand panel, but showing results obtained with BiSEPS assuming
s = 0 (see Section 2.2).
(A color version of this figure is available in the online journal.)
we would expect to make an asteroseismic detection. The
procedure uses as input the fundamental properties of each
modeled target—be it a single field star or both components of
a binary—as well as the simulated Kepler apparent magnitude,
and the assumed duration of the observations, to estimate what
would be the observed photometric signal amplitude due to
solar-like oscillations, granulation, and shot noise. From these
estimates we may calculate the likelihood of making a robust
detection of solar-like oscillations. As in Chaplin et al. (2011b),
we flag a detection as made when the estimated probability of
detection is higher than 90%.
We corrected the predicted amplitudes of the oscillations and
granulation signals of targets in binaries to allow for the dilution
of the observed signal due to the presence of the companion star.
These corrections were made in the Kepler bandpass, using the
bolometric corrections in Ballot et al. (2011).
We adopted two different assumed observation durations,
depending on the type of target. The 58.85 s Kepler short-
cadence (SC) data are needed to detect oscillations in cool main-
sequence and subgiant stars, since the dominant oscillations
have periods of the order of minutes. These short periods are
not accessible to the 29.4 minute long-cadence (LC) data (for
which the Nyquist frequency is ≃283µHz). Due to the target-
limited nature of the SC data, around 2000 targets identified in
the KIC as solar-type stars were observed for only one month
at a time during the asteroseismic survey conducted in the first
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Figure 3. Stacked histograms showing the evolutionary state of the secondary
component of detectable seismic binaries as a function of the evolutionary state
of the primary.
(A color version of this figure is available in the online journal.)
10 months of science operations. To mimic this limitation of
the real target sample, we therefore set the observation time to
1 month for any simulated star that would require SC data to
detect its oscillations. The threshold for detection in SC lies at
the base of the red giant branch (RGB). We set the observation
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Figure 2: Detectable asteroseismic binary pairs from a simu-
lation of the Kepler eld. In most of the 500 detectable bina-
ries, one or both components are He-burning giants. Figure
modied from Miglio et al. (2014).
et al., 2018), so most companions to these 1.5–2.5 M δ Sct
stars are 0.3–0.5 M K/M dwarfs. Around 20% of the detected
companions are actually white dwarfs, but no pulsation at-
tributed to the white-dwarf component has yet been reported
to make these PB2s. Another reason for the low fraction of
PB2s is that a detection bias exists against them, because the
pulsation timing signal from each component partially can-
cels out. Nonetheless, 24 PB2s of δ Sct pairs are known from
Kepler data (an example is shown in Fig. 3), and θ2 Tau is a
good case study from the ground that also has a spectroscopic
and astrometric orbit (Breger et al., 2002; Armstrong et al.,
2006; Torres et al., 2011).
The large number of pulsation-timing binaries allows for
statistical analyses to be conducted. In addition to mass-ratio
distributions, it is possible to investigate both the eccentric-
ity distribution and binary fraction of these A/F primaries
(Murphy et al., 2018), which give clues about binary star for-
mation mechanisms (Tohline, 2002; Kratter & Matzner, 2006;
Kratter et al., 2010). The binary fractions can be compared
to other regimes of primary mass (Moe & Di Stefano, 2017;
Murphy et al., 2018) to understand multiplicity as a function
of mass, or compared to surveys in RV (e.g. Lampens et al.,
2017), adaptive optics (e.g. De Rosa et al., 2014), long-baseline
interferometry (e.g. Rizzuto et al., 2013) and other techniques
to understand the binary fraction as a function of orbital pe-
riod.
Asteroseismology is a major beneciary of binary analy-
ses because there remains much to learn about mode selec-
tion and excitation in δ Sct stars. They are generally rapid ro-
tators with mean equatorial velocities in excess of 150 km s−1
(Royer et al., 2007), which makes precise spectroscopic infer-
ence dicult. Spectral lines are broad, so metallicities cannot
be determined precisely. Even within clusters, comparisons
between unrelated stars are complicated by large star-to-star
abundance anomalies (Gebran et al., 2010). The p modes in
δ Sct stars do not yet lend themselves to determining ages
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Figure 3: The δ Sct PB2 system, KIC4471379. The top panel
shows the Fourier transform of the Kepler light curve with
some of the strongest mode frequencies labelled, and the
lower panel shows time delays for those modes. The time de-
lays of the two stars are clearly in anti-phase, as expected for
two stars on opposing sides of the barycentre. Figure modi-
ed from Murphy et al. (2014).
precisely. All of these obstacles might be overcome by com-
parative asteroseismology between pulsating stars in binary
systems, which could reduce the number of free parameters
enough to get a foothold on mode identication, but break-
throughs have not been forthcoming.
3.2 Eclipsing systems containing δ Sct stars
The greatest asteroseismic potential lies in the eclipsing
binaries (EBs), where the orbital inclination and the ratio of
the stellar radii to the semi-major axis (i.e. R1/a1 andR2/a2)
can be measured. Ideally, the eclipse data are supplemented
with dynamical masses from another method, such as RV
monitoring. This allows the absolute masses (with no sin i
dependency) to be derived because i can be measured. With
a period and masses the semi-major axis becomes known,
subsequently allowing absolute radii (not convolved with the
semi-major axis) to be measured. Pulsation timing can sub-
stitute for or complement RVs to provide these dynamical
masses for the eclipsing systems, but this requires accurate
eclipse modelling, so the EBs were set aside from the largest
pulsation timing catalogue (Murphy et al., 2018).
Many δ Sct stars in EBs are known, approximately 40 of
which were discovered inKepler data (Gaulme & Guzik, 2014;
Kirk et al., 2016; Murphy et al., 2018). However the largest
collection comes from ground-based studies, as catalogued
recently by Liakos & Niarchos (2017). They compiled over
100 systems, with only small overlap with the Kepler tar-
gets. It appears from their sample that binarity weakly inu-
ences the pulsation periods, for orbital periods below ∼13 d,
though it is not clear whether this is directly a result of tidal
interaction or if mass transfer has played a role. The large
scatter around the Porb–Ppuls ‘relation’ casts doubt on its
usefulness; these targets should be revisited with TESS to see
if more can be learned.
Knowledge of the stellar inclination greatly empowers as-
teroseismology. The visibility of non-radial modes depends
on the degree `, the azimuthal order m, and the stellar in-
clination (Dziembowski, 1977; Gizon & Solanki, 2003; Aerts
et al., 2010). A well-constrained inclination can therefore aid
mode identication by eliminating the low-visibility modes
from the many possibilities, adding further appeal to the
study of pulsators in EBs.
Inclinations from EBs can also lessen the diculties in
mode identication caused by stellar rotation. In a non-
rotating star, modes of dierent m all have the same fre-
quency if ` and the radial order n are the same, but rota-
tion lifts this degeneracy (Ledoux, 1951). Slow rotators have
pulsation modes split by the rotation frequency, which ac-
tually aids mode identication, but in moderate rotators the
second order eects become important (Saio, 1981). Rapid
rotators, on the other hand, are so aspherical that pulsation
modes become conned to equatorial regions and adopt com-
plicated characteristics (Lignières & Georgeot, 2009; Reese
et al., 2013). Thus, when the star rotates at least ‘moderately’,
with v sin i & 50 km s−1, as the majority of A and F stars do
(Royer et al., 2007), the pulsation spectrum becomes compli-
cated enough that mode identication becomes intractable.
Knowing the inclination alleviates this, because extracting
the equatorial rotation rate from v sin i allows the spherical
distortion to be quantied, and frequency splittings between
modes of the same n and ` can be predicted.
The relationship between eclipses and rotation goes
deeper. EBs are generally close binaries, because eclipses
become geometrically unlikely when the semi-major axis
is large. In close binaries, tidal eects are strong enough
to rotationally brake the stars (Zahn, 1975, 1977; Tassoul &
Tassoul, 1992), especially if tidally excited oscillations are
present (Witte & Savonije, 2001; Fuller, 2017). This aids the
study of δ Sct stars in two ways: (i) the rotation and orbital
periods tend towards synchronicity, so if the former is unable
to be measured by other means then it can often be assumed
to equal the latter (however, the eectiveness of tidal syn-
chronisation depends on the stellar masses and evolutionary
states; see the caveats in Sections 4 and 6); and (ii) the rota-
tion rate is slower, which simplies the pulsation spectrum.
The full interaction between tides and pulsation remains an
active area of study.
Finally, eclipses function as a spatial lter, temporarily
masking part of the pulsating star from view. This lter can
be used to identify pulsation modes if the pulsation ampli-
tudes can be monitored as a function of stellar longitude and
latitude. This method has enjoyed only limited success with
δ Sct stars so far (Gamarova et al., 2003; Mkrtichian et al.,
2004).
3.3 Selected case studies of δ Sct stars in eclipsing sys-
tems
3.3.1 Time delays of a singly eclipsing system
KIC 8648356 has just a single eclipse in the entire 4-yr Ke-
pler data set (Fig. 4). The eclipse occurs at time-delay max-
imum, which tells us that the δ Sct star is being eclipsed,
however no corresponding eclipse occurs at time-delay min-
imum, even in the residuals after prewhitening pulsation fre-
quencies. Identifying which star is pulsating in this manner
is trivial with a time-delay orbit. The time-delay curve sug-
gests that another primary eclipse was due just after Kepler
ceased observation of its original eld.
3.3.2 The multi-eclipsing system KIC 4150611
KIC 4150611 is a bright (V=8) quintuple system with a
δ Sct/γ Dor hybrid as the primary. As companions, it has
a pair of M dwarfs that eclipse each other every 1.52 d,
and a pair of G dwarfs that eclipse each other every 8.65 d
(Hełminiak et al., 2017). Four periods of eclipse are observed
in the Kepler light curve; the third occurs when the M dwarfs
eclipse the primary every 94.23 d, and the fourth, of 1.43-d
period, is tentatively assigned to a distant component that
might be gravitationally bound. The relationship between
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Figure 4: The light curve (top) and time delays (bottom) of
the singly-eclipsing system KIC 8648356.
them in shown in Fig. 5. Among the remarkable features of
this system is that the pair of M dwarfs eclipse each other
whilst eclipsing the F1 primary.
4 Red giants
4.1 Pulsation Timing
Compton et al. (2016) investigated the detectability of bi-
naries by pulsation timing for a variety of pulsation classes
and orbit sizes. It was hoped that the mixed modes of red
giants, which have long lifetimes compared to their pure p-
mode counterparts, might oer similar promise to δ Sct stars.
Unfortunately the oscillation periods of red giants are too
long and their frequency spectra too crowded to have enough
sensitivity and resolution to nd binary companions.
Red giants have plenty to oer binary analyses in other
ways. Dynamical masses are usually convolved with sin i
because inclination angles, i, are generally unknown. Hence
only minimum masses are measured, and even in PB2s only
the mass ratio and minimum masses are known. However,
masses for red giants are available from the asteroseismic
scaling relations, breaking this degeneracy and allowing the
masses of both stars to be determined. An excellent appli-
cation of this was in the analysis of 18 pulsating red giants
in eccentric binaries by Beck et al. (2014). In one of those
it was possible to infer the rotation period of the red giant,
which surprisingly was not pseudo-synchronous with the or-
bital period.
Pulsation timing is still possible for red giant orbits if the
companion has coherent oscillations. Good candidates for
this would be β Cep or δ Sct stars, because they are luminous
enough to be seen against the bright red giant. But Kepler
observed few B stars, and δ Sct companions to red giants are
very rare. Just one, KIC 6753216, was recorded by Colman
et al. (2017) in their search for close companions to red gi-
ants. Their pixel analysis suggests the stars in KIC 6753216
are physically associated, and the δ Sct pulsations show a
clear time-delay signal (Fig. 6) that indicates this is a 760-d
binary (Murphy, Colman et al. in prep.).
4.2 Testing Asteroseismic Scaling Relations
The asteroseismic scaling relations are a crucial toolkit for
obtaining stellar parameters (R, M ) from pulsation proper-
ties (νmax, ∆ν). They can be applied quickly and simply to
large samples of stars, and have proved indispensable to the
analysis of the 16 000 oscillating red giants observed by Ke-
pler (Yu et al., 2018, and references therein). Thousands more
? + ?
G + G
δ Sct / γ Dor hybrid
triple: F1 + M + M
Figure 5: Top: NIRC2 (Keck) image of KIC 4150611. North is
up, east is left. Modied from Hełminiak et al. (2017). Bottom:
“mobile diagram” of the KIC 4150611 system, from Hełminiak
et al. (2017).
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Figure 6: A red-giant + δ Sct pair in Kepler data. The Fourier
transform of the Kepler light curve (a) shows red-giant oscil-
lations at 3–5 d−1 (33–55µHz), along with a granulation sig-
nature at lower frequency. The narrow peaks above 15 d−1
are δ Sct p modes, some of which lie above the Kepler long-
cadence Nyquist frequency (24.4 d−1). Panel (b) shows the
time delays of the δ Sct pulsations, showing that this is a bi-
nary system.
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red giants have also been observed by K2, paving the way for
archaeology of the Milky Way (Stello et al., 2017).
The scaling relations operate on the assumption that stars
are homologous, which seems to hold well on the main se-
quence. However, structural changes that develop between
the TAMS and the red clump might break that assumption,
thence calling asteroseismically derived masses and radii into
question. Eclipsing binaries oer model-independent mea-
surements against which the scaling relations can be tested.
In close binaries, where the semi-major axis, a, is small
enough for tidal locking, red-giant oscillations are sup-
pressed (Gaulme et al., 2016; Rawls, 2016). However, wide
orbits with a > 5RRG make good benchmarks against which
the scaling relations appear imperfect (Rawls, 2016; Kallinger
et al., 2018; Themeßl et al., 2018).
Corrections to the scaling relations have been pro-
posed. Kallinger et al. (2018) proposed the introduction of
empirically-derived non-linear terms, whereas Themeßl et al.
(2018) found the linear scaling relations to be sucient when
adopting a dierent empirical reference ∆ν for the Sun (see
also Guggenberger et al. 2016). Viani et al. (2017) suggested
the inclusion of a molecular weight term to the νmax equa-
tion. These developments are too new for a unied correc-
tion procedure to have been agreed upon.
The scaling relations appear to be very accurate when em-
pirical or theoretical corrections are applied (Handberg et al.,
2017; Brogaard et al., 2018). Including other asteroseismic pa-
rameters, such as the period spacing of gravity modes ∆P ,
can further improve the accuracy of asteroseismic results
(Rodrigues et al., 2017). It remains the case that, when the
highest accuracy is required, there is no substitute for de-
tailed frequency modelling. It is by detailed frequency mod-
elling that Li et al. (2018b) were able to calibrate the mix-
ing length and asteroseismic surface term using red giants in
eclipsing binaries.
5 γDor stars
The study of γ Dor stars has seen remarkable progress in
the space era. Their pulsation spectra are often dense, with
dozens of modes near 1 d−1 and period spacings of 103 s
(∼0.01 d). The mode density is higher in slowly rotating
γ Dor stars, where small rotational splittings are observed
(e.g. Kurtz et al., 2014; Saio et al., 2015). To measure these
requires excellent frequency resolution, demanding datasets
of &1 yr duration. Additionally, γ Dor stars are dicult to
study from the ground because their frequencies range be-
tween 0.3 and 3 d−1 (Van Reeth et al., 2015; Li et al., 2018a).
For both reasons, continuous observations from space with
long time spans have revolutionised our understanding.
All γ Dor stars pulsate in dipole (` = 1) gravity modes, and
the slowly rotating ones can pulsate in all three azimuthal
orders (m = 0,±1). Rotation modies the period spac-
ings between consecutive radial orders, and imparts a gra-
dient (‘slope’) on the period spacings that depends on the
azimuthal order (Ouazzani et al., 2017). More rapid rotators
have steeper slopes, with smaller dependence on the excited
radial orders, hence the slopes are a useful diagnostic of the
rotation when rotational splittings are too large to be mea-
sured. The rapid rotators can also pulsate in Rossby modes
(r modes), which help constrain the rotation rate (Van Reeth
et al. 2016; Saio et al. 2018; Li et al. in prep), chemical gradi-
ents in the interior, and any radial dierential rotation (Van
Reeth et al., 2018). Importantly, both the slope and the fre-
quency splittings give the rotation rate (not velocity) of the
near-core region (not the surface). Since the surface is read-
ily probed by other means, namely spectroscopic v sin i or p-
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Figure 7: Period spacings (a) for two series of dipole modes in
the periodogram (b) of the γ Dor PB2 KIC 6862920. The pe-
riod spacings overlap and have similar gradients, hence can-
not be from a single star. Modied from Li et al. (2018a).
mode frequency splittings in γ Dor–δ Sct hybrids, then mea-
surements of the near-core rotation rate shed light on the in-
ternal rotation prole of the star (e.g. Schmid & Aerts, 2016;
Murphy et al., 2016b; Van Reeth et al., 2018), and thence an-
gular momentum transport (Aerts, 2015; Aerts et al., 2018).
The dense pulsation spectra of γ Dor stars make them
poorly suited to pulsation timing, but they are detectable as
PB2s. Li et al. (2018a) found two PB2s based on their slopes
and frequency splittings. The splittings were small, suggest-
ing long rotation periods, but the slopes were steep, suggest-
ing short rotation periods. The period spacing patterns were
peculiar for having similar gradients and for almost overlap-
ping (Fig. 7), which for single stars contradicts current the-
ory. In each light curve, the two period spacing patterns
were originating from two dierent γ Dor stars. They also
happened to be δ Sct stars (i.e. hybrids), where pulsation tim-
ing on the p modes gave mass ratios and orbital parameters
(Murphy et al., 2018).
The best-studied example of a PB2 γ Dor system is the pair
of δ Sct–γ Dor hybrids in KIC 10080943 (Keen et al., 2015;
Schmid et al., 2015; Schmid & Aerts, 2016; Johnston et al.,
2019). The short orbital period (15 d) made pulsation tim-
ing of the p modes dicult, but made RV analysis easy, and
the orbit was seen in the light curve itself when folded on
the orbital period (Schmid et al. 2015; see also Shporer 2017).
Schmid & Aerts (2016) were able to model the two stars, using
an equal-age and equal-composition requirement as well as
the binary and pulsation properties as constraints. From this,
they were able to determine diusive mixing and convective
overshoot parameters for the near-core region – parameters
that are otherwise only estimable to order of magnitude pre-
cision. This system in particular highlights the power of as-
teroseismology on binary stars.
6 Compact pulsators
Masses for some 3000 compact remnants in SDSS DR7
have been precisely determined (Tremblay et al., 2016). Their
distribution is shown in Fig. 8, revealing that most are CO
white dwarfs (WDs) with masses between 0.5 and 1.1 M.
Below 0.45 M, the WDs are He-core objects that presum-
ably originate from binary evolution, since the single-star
progenitors of such low mass WDs have main-sequence life-
times longer than the present age of the universe (Marsh
et al., 1995; Zhao et al., 2012; Cummings et al., 2018). Among
them are two classes of pulsators: the extremely low mass
(ELM) WDs (Hermes et al., 2013a), and the hot subdwarfs
which are not shown in Fig. 8 (Heber, 2009). Asteroseis-
mology oers exciting prospects for discerning their interior
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Figure 8: The mass distribution of non-magnetic WDs from
SDSS DR7. Extremely Low Mass (ELM) WDs are a small pop-
ulation with masses near 0.2 M. Modied from Tremblay
et al. (2016).
structure, composition, and cooling ages.
6.1 Extremely Low Mass White Dwarfs
ELM WDs are believed to be the originally less massive
star of a close binary system (Sun & Arras, 2018). While the
original primary ascends the red-giant branch, mass trans-
fer begins and the system enters a common-envelope phase.
The envelope is eventually ejected, leaving a He-/CO-core
WD whose companion is still on the main sequence. When
this companion ascends the red-giant branch later, a second
mass-transfer episode begins, after which it is left with in-
sucient mass to fuse He to C and O and it becomes an ELM
WD.
This precise model from Sun & Arras (2018) predicts a nar-
row range of ELM WD masses (0.146 ≤M / M ≤ 0.18) with
orbital periods between 2 and 20 hr, matching the empirical
masses, mass-ratios and orbital period distributions of ELM
WD binaries (Bon, 2015; Brown et al., 2016). The mass de-
terminations are made possible by a combination of astero-
seismology, spectroscopy, and binary analysis (Hermes et al.,
2013a,c; Kilic et al., 2015). One ELM WD orbits a millisecond
pulsar, PSR J1738+0333, which has unusually narrow pulses,
and whose pulse timings record a Shapiro delay (Shapiro,
1964). Together, these have allowed the masses of both com-
ponents to be measured to exquisite precision (Jacoby et al.,
2003, 2005; Kilic et al., 2015, 2018).
Three of the seven claimed pulsating ELM WDs show no
RV variations (Sun & Arras, 2018). While these could be low-
inclination binaries, a similar fraction (6/15) of non-pulsating
ELM candidates studied by Brown et al. (2016) have no RV
variability, so there are too many such systems for low in-
clination to explain them all. Supercially, this suggests that
not all ELM WDs are in binaries, contrary to theory. How-
ever, there is likely a problem with some ELM classications.
Bell et al. (2017, 2018) have outlined methods for excising in-
terlopers from the class, such as high-amplitude δ Sct stars
with inaccurate spectroscopic log g values that masquerade
as pulsating ELMs, and the large number of cooler subd-
warfs (“sdAs”) with similar spectra. There remain only four
bonade pulsating ELM WD binaries, which are the four
with RV variations. Among the non-pulsators, 85% have now
been shown to be RV variable, which, after accounting for
false positives and the occasional system at low inclination, is
consistent with all ELMs being in short-period binaries (Bell
et al., 2017). This eld is rapidly evolving, and both astero-
seismology and binarity remain at its forefront.
6.2 Hot subdwarfs
The other class of objects populating the low-mass end
of Fig. 8 is the hot subdwarfs, also called sdB or sdO stars,
depending on spectral type. Here we use the generalism
‘sdBs’ to describe them all, though dierences in character
and evolution exist between the groups. These stars typi-
cally have masses between 0.30 and 0.49 M (Podsiadlowski
et al., 2008), and at least half are located in binaries (Maxted
et al., 2001; Copperwheat et al., 2011), though some sdBs may
originate as the merger of two He WDs (Webbink 1984, cf.
Schwab 2018). The masses depend on the details of the binary
evolution pathway. Those forming via a common-envelope
phase reside in short-period binaries (0.1 < P < 10 d),
are more massive, and have either WD or low-mass main-
sequence companions (Han et al., 2003). However, lower-
mass sdBs can result from stable Roche-lobe overow with
main-sequence companions in wide binaries (P . 1300 d).
For a thorough review on sdBs, see Heber (2016).
Kepler delivered remarkable light curves of pulsating
sdBs, including some in eclipsing binaries where reection,
doppler beaming and gravitational lensing could be observed
(Østensen et al., 2010; Bloemen et al., 2011). Kepler sdBs also
include 18 pulsators (Telting et al., 2014). Hotter sdBs can
pulsate in p modes with periods of a few minutes (Charpinet
et al., 1996; Kilkenny et al., 1997) and the cooler sdBs can pul-
sate in g modes with periods of 0.8–2 hr (Green et al., 2003).
Those near the temperature boundary of 28,000 K can pul-
sate in both p and g modes simultaneously as hybrids (Schuh
et al., 2006). Advancements from asteroseismology of Ke-
pler sdBs included the detection of rotational splittings (Reed
et al., 2014) and the discovery of equal spacings between the
periods of g modes (Østensen et al., 2014b), similar to those
seen in the cores of red giants (Bedding et al., 2011).
Although the instability strip of sdBs is not pure (Østensen
et al., 2011), most sdBs are in binaries, and pulsation timing
has seen success on these stars. Telting et al. (2014) stud-
ied the sdB+WD binary KIC 11558725 and solved its 10-d or-
bit in three ways: (i) with RVs; (ii) by the doppler beaming
signal in the light curve; and (iii) by pulsation timing. Gen-
erally, the high oscillation frequencies of p modes in sdBs
compensate for their typically small semi-major axes, keep-
ing pulsation timing viable. However, care must be taken be-
cause stochastic phase variations are common among sdBs
(Østensen et al., 2014a). A pulsation-timing exoplanet was
once claimed for V391 Peg (Silvotti et al., 2007), but the sig-
nal from dierent oscillation modes now appears to be diver-
gent, so the planet’s existence has been downgraded to ‘puta-
tive’ (Silvotti et al., 2018). Another example of intrinsic phase
modulation comes from the detailed frequency analysis of
the hybrid sdB pulsator KIC 3527751, which showed phase
and/or amplitude modulation in all strong oscillation modes
(Zong et al., 2018). While the amplitude modulation can po-
tentially be used for mode identication (Giammichele et al.,
2018), any pulsation timing eort will be complicated. The
same modulation should be seen in all modes if the source
is binary motion. Only one pulsation-timing exoplanet dis-
covery remains plausible (Hermes, 2017), which comes from
the two-mode analysis of a δ Sct star (Murphy et al., 2016a),
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Figure 9: Pulsation-timing detection limits on the mass of
hypothetical exoplanets orbiting hot subdwarfs. The red line
shows the limit for oscillation periods of 350 s with intrinsic
uncertainties on time-delay measurements of 1 s. Modied
from Hermes (2017).
though it should be noted that the planet mass is close to the
brown-dwarf mass range.
If an sdB star were to host an exoplanet in a wide orbit
and pulsate in well-behaved p modes, then pulsation timing
could detect that planet if it resembles Jupiter or Saturn in
mass and semi-major axis, while Uranus and Neptune would
lie close to the detection limit (Fig. 9). Brown dwarfs could
be detected at any plausible period. However, it is not yet
established that subdwarf oscillations are coherent enough
on timescales of Neptune’s orbital period that this could work
in practice. Instead, exoplanet searches have shifted focus to
eclipse timings.
Eclipse timing variations have led to several claims of cir-
cumbinary companions to sdB stars, starting with two gi-
ant planets orbiting the pulsating-sdB prototype HW Vir (Lee
et al., 2009), but for every claim there is a conicting analysis
regarding the orbital stability or the persistence of the ev-
idence between dierent datasets (see the review by Heber
2016). If real, these systems could shed light on the fate of
exoplanets during the late stages of binary evolution.
A large population of sdBs was recently detected indi-
rectly by pulsation timing of Kepler δ Sct stars (Murphy et al.,
2018). They found an excess of low-eccentricity companions
at periods of several hundred days – consistent with post-
mass-transfer orbits. The companion masses were consistent
with He-core remnants. For any given system it is not known
whether the companion is an sdB or a more massive compan-
ion at low inclination, but statistically many will be sdBs and
follow-up observations may well be rewarding.
Another phenomenon related to pulsation timing is help-
ful in the analysis of sdB orbits. The Rømer delay describes
the asymmetry of eclipse timings in a binary system due to
light travel-time eects. In a perfectly circular orbit of an
equal-mass binary, the secondary eclipses should arrive half
way between primary eclipses, but a mass ratio smaller than
unity causes an asymmetry in the path length travelled by
light from the eclipsed star on its way to Earth. The eect
is named for Rømer’s observation of the variation in eclipse
arrival times of the Galilean moons passing behind Jupiter.
It has been observed for sdB stars with M-dwarf companions
and used to derive mass ratios (Barlow et al., 2012), based on
the theory from Kaplan (2010).
However, one must be careful when using the Rømer de-
lay in this way, because similar delays in secondary eclipse
arrival times arise naturally from orbital eccentricity. It
was once assumed that the post-common-envelope orbits of
sdB stars had zero eccentricity based on tidal circularisa-
tion theory (Zahn, 1977), but other eects such as perturbing
third bodies or spin-orbit misalignment before the common-
envelop phase can induce eccentricity (Barlow et al., 2012).
Preece et al. (2018) have recently shown that tides are inef-
cient in circularising and synchronising sdB binaries. Un-
fortunately, it is dicult to measure the eccentricities of sdB
orbits to the precision required to rene tidal circularisation
theory (e . 10−5), but tests for tidally-induced spin–orbit
synchronisation are much easier.
Half of the observed sdB stars lie in short-period bina-
ries (Napiwotzki et al., 2004; Copperwheat et al., 2011), many
of which eclipse or show phase-related eects like reec-
tion (mutual heating), so their orbital periods are readily
measured. Rotation periods can be determined spectroscop-
ically if a radius is known, or asteroseismically if the star
pulsates, to provide tests of tidal synchronisation. Intrigu-
ingly, of the many available test cases, only NY Vir demon-
strates clear spin–orbit synchronisation (Charpinet et al.,
2008), whereas several systems rotate subsynchronously,
i.e. with periods longer than the orbital period (B4, Pablo
et al. 2011; KIC 2991403 and KIC 11179657, Pablo et al. 2012;
KIC 10553698, Østensen et al. 2014b; KIC 7668647, Telting
et al. 2014; J162256+473051, Schaenroth et al. 2014; PG1142-
037, Reed et al. 2016; and KIC 7664467, Baran et al. 2016).
Preece et al. (2018) ascertained the cause, which is that in sdB
stars the tidal synchronisation timescales are longer than the
lifetime of their core-He-burning phase, because the orbital
period is typically shorter than the convective turnover time-
scale, damping the convective dissipation of tides. These de-
velopments in tidal synchronisation are yet another success
story from studies of pulsating stars in binaries.
6.3 White Dwarfs
White dwarfs oscillate at very high frequencies, which
could make them good clocks for detecting exoplanet com-
panions by pulsation timing (Winget et al., 2015; Compton
et al., 2016). However, intrinsic phase variability once again
foils attempts to exploit this sensitivity (Hermes et al., 2013b;
Dalessio et al., 2013). Hermes (2017) provided an overview of
pulsation timing attempts on WDs, including the discovery
and subsequent refutation of a possible substellar compan-
ion to the ZZ Ceti star GG 66 (Mullally et al. 2008; cf. Dalessio
2013). An earlier case concerns the WD G29-38, whose phase
variation observed in a single mode was once suspected to be
due to an unseen companion (Winget et al., 1990), but turned
out to be a false positive (Kleinman et al., 1994). Pulsating
CO WDs in close binaries happen to be rare (Hermes et al.,
2015), and no orbits have thus far been determined by pulsa-
tion timing.
Fortunately, asteroseismic and spectroscopic modelling of
WDs reach higher precision than is possible from binary
analysis (Winget & Kepler, 2008). Surface gravities are rou-
tinely determined to better than ±0.1 dex, leading to precise
masses and thence radii via the WD mass–radius relation
(Fontaine et al., 2001). This precision is further rened, from
the opposite direction, when radii are calculable from Gaia-
derived luminosities and spectroscopic temperatures (Trem-
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blay et al., 2017).
Describing the binary properties of WDs is extremely im-
portant for understanding the origin of Type Ia supernovae,
which function as important cosmological distance indica-
tors and contribute heavily to the chemical enrichment of
galaxies (Maoz et al., 2014). While asteroseismology already
oers clues to the WD properties, the most promising future
avenue for studying their binarity perhaps lies with Gaia as-
trometry (Hollands et al., 2018).
7 Tidally excited oscillations
Thus far we have considered self-excited oscillations in
stars that happen to be in binaries. We nish by considering
the converse: oscillations excited by virtue of binary motion.
Tidally excited oscillations (TEOs) are gravity modes
found in eccentric binaries as a result of tidal forcing (Fuller
2017 provided an excellent overview). Their oscillation fre-
quencies occur at exact integer multiples of the orbital fre-
quency, particularly where these coincide with g-mode fre-
quencies. Perhaps the best-studied case is KOI-54, in which
TEOs are excited at 90 and 91 times the orbital frequency
(Welsh et al., 2011; Fuller & Lai, 2012; Burkart et al., 2012;
O’Leary & Burkart, 2014).
TEOs are found in the light curves of ‘heartbeat’ stars, so
named because the periastron brightenings of these eccen-
tric binaries resemble cardiograms (Fig. 10). The shape of the
heartbeat depends on the inclination, eccentricity and lon-
gitude of periastron of the binary (Kumar et al., 1995), with
eclipses visible at higher inclinations. It is therefore possible
to model the heartbeat to extract this information, which in
turn provides crucial input to asteroseismic modelling. Many
consecutive heartbeats can be studied to infer the rate of
apsidal motion, oering observational tests of classical and
general relativistic predictions (Hambleton et al., 2016). The
largest samples of heartbeat stars come from Kepler data.
Thompson et al. (2012) discovered 17 with intermediate-mass
and main-sequence primaries, and Beck et al. (2014) later dis-
covered 18 containing pulsating red giants.
Some high-amplitude TEOs are the result of resonant lock-
ing (Fuller, 2017; Hambleton et al., 2018), due to a feed-
back mechanism between the evolution of the star and its
orbit. Importantly, resonantly locked modes accelerate the
tidal dissipation rate, leading to more rapid circularisation of
the orbit (Fuller et al., 2017). Resonant locks may also oc-
cur among short-period (P . 2 hr) WD binaries (Burkart
et al., 2013), enhancing the rate of tidal synchronization in
WDs with orbits decaying due to gravitational radiation.
This could aect the outcome (and time-scale) of the merger
process, which in turn would enhance the rate of double-
degenerate Type Ia supernovae. The progenitors of Type Ia
supernovae remain a puzzle (Maoz et al., 2014), for which
TEOs may well be a missing piece.
8 Conclusions
Asteroseismology has advanced the frontier of our knowl-
edge of stellar structure and evolution. It has pierced the sur-
face and illuminated the physical processes operating within.
The rotation rates of the cores of stars are now measurable
from the main sequence to the red giant branch, and beyond,
as the cores are stripped of their envelopes and shine as one
of a variety of classes of degenerate stellar remnants. The
parameters of convective core overshooting, mixing lengths,
and diusion coecients have transitioned from being arbi-
trarily assigned to observationally constrained. In the space-
photometry era, the eld has genuinely been revolutionised.
Figure 10: Light curve of the heartbeat star KIC 3749404. The
dominant variations result from tidal deformation, reection,
mutual irradiation (heating) and Doppler beaming. Tidally
excited oscillations, commensurate with the 20.3-d orbital
period, are clear in the phased light curve (right). Modied
from Hambleton et al. (2016).
Binary and multiple systems have also benetted heavily
from the outstanding photometry. Light curves now have the
precision to show such subtle eects as reected light from
an orbiting exoplanet, so Doppler beaming, tidal deformation
and mutual irradiation are readily observable in hundreds of
systems. Our understanding of binary evolution pathways
across various orbital congurations continues to advance,
as new populations such as extremely low mass white dwarfs
and hot subdwarfs are observed in greater number.
At the superposition of these two advancing wavefronts
sit the pulsating stars in binary systems, where the power of
asteroseismology and orbital dynamics in providing masses
and radii combine. Some stars oscillate by virtue of binary
motion (tidally excited oscillations); some pulsators are occa-
sionally found in binaries (the many Kepler red giants); and
in each case the information content is wonderfully enriched.
There are now catalogues of binary stars discovered only by
the orbital eects on the pulsations, which with present tech-
nology are undiscoverable by other means. Occasionally, two
pulsators are found orbiting each other, allowing mass ratios
to be determined without resorting to spectroscopy.
There remain problems to be solved in asteroseismology
and binary analyses alike. For instance, mode identication
remains a problem for δ Sct stars, and the production chan-
nels and event rates for type Ia supernovae await renement.
While such problems may at rst seem completely unrelated,
they can be linked in unexpected ways. For our example
above, developments in mode identication may allow us to
determine masses and ages for δ Sct stars, many of which
have WD companions (found by pulsation timing) and may
be future progenitors of type Ia supernovae. We can model
whether a WD in these systems will reach the Chandresekhar
limit following mass transfer or a merger, if the parameters
of the components can be reliably determined. This may lead
to renements in the type Ia event rate. Thus advances in one
area can spur progress in another. This is but one example of
the interrelation between binarity and pulsation, many more
of which have been given in this review. Despite abundant
recent developments (or perhaps because of them), there are
many problems like these to work on, and thankfully, many
data to work with, as the new data pouring in from TESS and
Gaia add to the archives of Kepler and K2. It can be dicult
to decide what to work on rst. I suggest starting with pul-
sating stars in binary systems.
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